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Abstract
Background: The United Nations forecasts that by 2050, more than 60% of the African population will live in
cities. Thus, urban malaria is considered an important emerging health problem in that continent. Remote sensing
(RS) and geographic information systems (GIS) are useful tools for addressing the challenge of assessing,
understanding and spatially focusing malaria control activities. The objectives of the present study were to use
high spatial resolution SPOT (Satellite Pour l’Observation de la Terre) satellite images to identify some urban
environmental factors in Dakar associated with Anopheles arabiensis densities, to assess the persistence of these
associations and to describe spatial changes in at-risk environments using a decadal time scale.
Methods: Two SPOT images from the 1996 and 2007 rainy seasons in Dakar were processed to extract
environmental factors, using supervised classification of land use and land cover, and a calculation of NDVI
(Normalized Difference Vegetation Index) and distance to vegetation. Linear regressions were fitted to identify the
ecological factors associated with An. arabiensis aggressiveness measured in 1994-97 in the South and centre
districts of Dakar. Risk maps for populated areas were computed and compared for 1996 and 2007 using the
results of the statistical models.
Results: Almost 60% of the variability in anopheline aggressiveness measured in 1994-97 was explained with only
one variable: the built-up area in a 300-m radius buffer around the catching points. This association remained stable
between 1996 and 2007. Risk maps were drawn by inverting the statistical association. The total increase of the built-
up areas in Dakar was about 30% between 1996 and 2007. In proportion to the total population of the city, the
population at high risk for malaria fell from 32% to 20%, whereas the low-risk population rose from 29 to 41%.
Conclusions: Environmental data retrieved from high spatial resolution SPOT satellite images were associated with
An. arabiensis densities in Dakar urban setting, which allowed to generate malaria transmission risk maps. The
evolution of the risk was quantified, and the results indicated there are benefits of urbanization in Dakar, since the
proportion of the low risk population increased while urbanization progressed.
Background
Malaria and urbanization
Urbanization is occurring at a rapid pace in Africa, and
the United Nations forecasts that by 2050, more than
60% of the African population will live in cities [1]. Ines-
capably, those changes will have consequences on the
health of local populations. Regarding malaria, many
papers and reviews have reported the existence of trans-
mission in urban areas, even if levels are usually lower
than in peri-urban and rural places [2,3]. The epidemiol-
ogy of malaria in cities is specific, and the urban form of
the disease is considered to be an emerging health pro-
blem of major importance in Africa [4].
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temporal distribution, is closely related to a wide range
of factors, such as the degree and type of urbanization,
the density of the human population, vector control
measures, access to health care [2,5] and adaptation of
the vector to new or polluted breeding sites [6-9]. Urba-
nization has a great impact on the composition of the
vector system and malaria transmission dynamics [10].
Moreover, in urban settings, blood meal sources are
abundant, dispersion of the vectors is low and malaria
transmission is highly driven by the proximity of breed-
ing sites [11,12]. Malaria risk is heterogeneous over
small distances, and transmission can vary among differ-
ent districts of the same city, as shown in Brazzaville
[13] and Dakar [14].
Malaria and remote sensing
Risk maps can be useful for decision-makers who are
seeking to address the challenge of assessing, under-
standing and spatially focusing malaria control activities
[15]. Over the last several decades, remote sensing (RS)
and geographic information systems (GIS) have become
popular tools for evaluating the environmental, meteor-
ological and climatic factors leading to the geographical
and temporal distribution of malaria risk [16-20]. The
majority of studies have been conducted in rural set-
tings, but some research has focused on cities. For
example, previous studies have conducted direct and
indirect identification of Anopheles breeding sites,
sought to predict malariometric indices and assessed
impact of environmental changes on malaria risk
[21-24].
Malaria in Dakar
In Dakar, the capital city of Senegal, parasite rates and
incidences of clinical malaria attacks in the city and its
periphery have been at low levels relative to continent-
wide rates [2,11,25,26]. Nevertheless, some malaria cases
have been recognized as autochthonous [26], and severe
cases have been reported [27-29]. Additionally, placental
malaria infections have been associated with preeclamp-
sia in pregnant women with poor malaria immunity
[30]. In this clinical context, local malaria transmission
has been studied for several decades and has been
assessed in Dakar [14,31] and its close suburb Pikine
[11,32].
Objectives
T h eo b j e c t i v e so ft h ep r e s e n ts t u d yw e r et ou s eh i g h
spatial resolution SPOT (Satellite Pour l’Observation de
la Terre) satellite images to identify some urban envir-
onmental factors associated with Anopheles arabiensis
densities in Dakar, to assess the persistence of these
associations and to describe spatial changes in at-risk
environments at a decadal time scale.
Methods
Study site
Dakar (14°40’20” North, 17°25’22” West), the capital city
of Senegal, is located in the Cap-Vert peninsula at the
westernmost point of Africa. The altitude peaks at 104
m above sea level (Mamelles). The climate is mild sahe-
lian. The hot and wet season lasts from June to Novem-
ber with average temperatures between 24 and 30°C.
The cool and dry season lasts from December to May
with average temperatures between 19 and 25°C. The
first rains generally occur at the end of June or the
beginning of July, and the last ones at the beginning of
October. In 1994, 1996 and 2007, the annual rainfalls
were 252, 350 [25,26] and 178 mm (data from the
national weather forecast), respectively. The estimated
population of the Dakar urban area was close to 1 mil-
lion inhabitants in 2005, accounting for about 20% of
the country’s population. The population density was
about 12,000 inhabitants per km
2.
Entomological data from the literature
Part of the entomological data used in the present study
were from two studies of Diallo et al,w h i c hw e r ec o n -
ducted in both the south [25] and centre [26] sanitary
districts of Dakar, and published in 1998 and 2000,
respectively.
The first paper described entomological fieldwork
from June 1994 to May 1995 in 13 sites, and the second
paper reported mosquito prospecting from March 1996
to February 1997 in 12 sites. In both studies, each site
was 1.5 km (North-South) and 1 km (East-West) distant
from the adjacent ones. Adult mosquito sampling was
carried out once every month during the studied period
by human landing catch, both indoors (one catching
point) and outdoors (one catching point).
In the southern district, a total of 308 person/nights of
adult mosquito captures were undertaken. Among the
16 637 females collected, 83 (0.5%) were Anopheles,8 1
were An. arabiensis and two were Anopheles pharoensis.
Anopheles arabiensis densities were low, peaking at 1.76
bites per person per night in October 1994 (mean value
for all sites). In the centre district, a total of 308 person/
n i g h t so fc a p t u r ew e r ea l s oc o n d u c t e d .A m o n g61 5 7
collected female mosquitoes, 92 (1.5%) were Anopheles,
and all of them were An. arabiensis. Maximum aggres-
siveness was 2.25 bites per person per night in Septem-
ber 1996 (mean value for all sites). In both districts,
none of the An. arabiensis were CSP antigen positive.
For the purpose of the present study, the mean num-
ber of An. arabiensis bites per person per night for both
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after is called the “1994-97 aggressiveness”.E a c hs i t e
was surveyed between 22 and 24 nights so the full trans-
mission season (September-October) was covered. Thus,
even if the study periods for the two sanitary districts
were a little bit staggered, it was considered that the fig-
ures from the two studies were comparable.
Field entomological data collection
The field work in the present study has been described
elsewhere [14]. Briefly, it was conducted in Dakar and
Pikine, a nearby suburb. The studied sites were sampled
in order to cover as many diverse environments as pos-
sible in terms of type of urbanization and vegetation.
The results for nine studied areas are reported in the
present paper. Adult mosquito sampling was carried out
once every two weeks during September and October
2007. Human landing catch of adult mosquitoes was
conducted both indoors (one catching point) and out-
doors (two catching points) for a total of four nights of
capture in each of the studied areas. Published An. ara-
biensis densities were calculated as the mean aggressive-
ness for two months of mosquito collection [14]. In
order to compare those data with the data from the cen-
tre and south districts, aggressiveness values were aver-
aged over a 12-month period for the present study,
assuming that most of the annual Anopheles density was
caught during the September-October period.
Geolocation of study sites
The geolocations of the catching points of the south and
centre districts were not reported in the published arti-
cles. Therefore, a member of the team who had partici-
pated in the fieldwork in 1994-95 and 1996-97 went
back to the capture houses with a GPS (global position-
ing system) receiver to record appropriate geographic
coordinates. Between both districts, 22 sites out of 25
were successfully geolocated on the ground, and three
points were approximated. The “Hann - Village” and
“Caserne Gendarmerie de Potou” catching houses could
not be relocated, so the point was located in the neigh-
bourhood. In “Bop-CerfVolant”,t h es l u me x i s t i n gi n
1996-97 was destroyed, so the point was set in the for-
merly built-up area identified on available aerial photo-
graphs from 1997. For the 2007 sites, precise geographic
coordinates were available for every capture location.
The geographic centre of the three catching points was
used for each of the nine sites as the unique location. A
description of all the sampled areas is available in the
three original articles.
Satellite images and aerial photographs
SPOT View imagery products were acquired for the fol-
lowing dates: 30 October 1996 and 26 September 2007.
Images were “Level 3” pre-processed (orthoimages), so
they were already georeferenced, and their map projec-
tion (UTM zone 28, WGS 84 datum) was based on
ground control points and a digital elevation model
(DEM). The location accuracy of the images was less
than 10 m [33]. For 1996, the SPOT-4 image had a 20-
m spatial resolution and three spectral bands: two in the
visible (green and red) and one in the near infrared
(NIR). For 2007, one SPOT-5 image had a 2.5-m spatial
resolution and the same three spectral bands than the
1996 image. A second SPOT-5 image had one band at a
10-m spatial resolution for short wave infrared (SWIR).
These SPOT images covered a large area of the Cap-
Vert Peninsula, so views were resized to cover Dakar
city and its suburbs until Pikine (lower left corner: 17°
31’44"W 14°38’44"N; upper right corner: 17°23’21,95"W
14°47’26,23"N).
A panchromatic QuickBird image (0.61 m resolution,
projection UTM zone 28, WGS 84 datum) from 2005
was also available for the studied urban area. Finally,
aerial photographs from 1997 were scanned from paper
at the “IGN France International - Bureau de Coordina-
tion Projet Cartographie du Sénégal 1/200 000” in
Dakar. Quickbird image and aerial photographs were
georeferenced on the SPOT images using control points
in ENVI 4.3 (ITTVIS software). QuickBird image and
aerial photographs were used for visual support only,
whereas SPOT images were processed for the analysis.
Pre-processing of SPOT images
All image processing was conducted with ENVI 4.3. A
common mask of the sea was digitized and applied to
all the images, whereas specific cloud masks were digi-
tized for each date. Clouds and their shadows covered
379 Ha on the 2007 image but did not hide any of the
entomological sampling zones. No clouds were observed
in the studied zone on the 1996 image. To reach the
objective of comparing images of different spatial resolu-
tions, the 2007 views were resampled at 20 m, averaging
values of the pixels contributing to the output pixel.
Both resulting images were stacked to produce a new
multiband image encompassing the full spectral resolu-
tion, hereafter called the 2007 image. Because compari-
sons of multi-date images could be impeded by
differences in atmospheric conditions from one date to
another, internal average relative reflectance (IARR) cali-
bration was undertaken to normalize images to a scene
average spectrum [34,35]. All further image processing
was based on these calibrated images.
NDVI and distance to vegetation
The NDVI is the ratio of two spectral bands available in
SPOT imagery and is calculated as follow: NDVI = (NIR
- Red)/(NIR + Red). The result can range from -1 to +1,
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vegetation cover. The NDVI images were calculated
from both the 1996 and 2007 images. A threshold of 0.1
was used to best separate vegetated from non-vegetated
pixels and to produce binary images for 1996 and 2007.
This step was conducted by an operator with good
knowledge of Dakar city, who was aided by the exami-
nation of the QuickBird image and the aerial photo-
graphs. To eliminate isolated pixels, a majority filter was
applied to the resulting binary images. All pixels were
replaced by the majority class in a passing window (62.5
× 62.5 m).
Land use and land cover classification
Various classification techniques were investigated.
Unsupervised classification (ISODATA) was ignored as
many confusions occurred, e.g., between water and dark
asphalt. Supervised maximum likelihood classification
was chosen to generate maps of land use and land
cover. Each pixel was assigned to the class having the
highest probability to be the correct one based on a set
of training areas. No exclusion threshold was defined, so
every pixel of the studied zone was classified.
Training polygons were digitized by an operator with
good knowledge of the town who photo-interpreted and
examined the SPOT and QuickBird images and aerial
photographs. Separability of the different classes was
regularly computed to assist the definition of the poly-
gons. Training sets were chosen exclusively where no
visible land changes occurred between 1996 and 2007.
Thus classifications were done in 1996 and 2007 with
the same training polygons, which should maximize the
comparability of the results. Three-hundred forty-nine
training polygons were digitized in the 1996 and 2007
images. They covered 127 ha, representing about 1% of
the total zone (excluding the sea). Thirteen land cover
classes were defined, which were distributed as five
urban classes (depending of the type of buildings and
soils), one vegetation class, one water class and six bare
soil classes (asphalt, sand, other types of soils, mixed or
not with vegetation) (Additional File 1).
The quality of the resulting supervised classified
images was assessed by calculating the kappa statistics,
which provide a measurement of the agreement between
the classes issued from the classification and the training
polygons. The majority filter (62.5 × 62.5 m) was also
applied to the resulting images to eliminate isolated pix-
els. The sea coast was masked as the classification qual-
ity was low for this particular land cover.
Geographic information system (GIS)
A GIS was built in ArcGIS 9.2 (Environmental Research
Systems Institute, Redlands, CA). The layers were added
as follows: map of vegetation (corresponding to the
filtered map of NDVI > 0.1) for 1996 and 2007, results
of the filtered supervised classifications for 1996 and
2007, 23 points corresponding to the 1994-97 sampling
locations with related aggressiveness values and nine
points for 2007 also with aggressiveness values. For
every catching point, the Euclidian distance to the first
vegetated pixel was computed, and the number of pixels
of each of the 13 land use and land cover classes at sev-
eral radius buffers (from 100 m to 500 m) was calcu-
lated. Spatial autocorrelations between aggressivenesses
were investigated using the Moran’s I index.
Statistical analysis
Statistical associations between the 1994-97 aggressive-
ness and the data issued from the 1996 image were first
investigated to identify which environmental factors
were associated with the An. arabiensis densities (Step
1). Then, associations between the 1994-97 aggressive-
ness and the data issued from the 2007 image were
examined in order to assess the persistence of the asso-
ciations over time (Step 2). Finally, external validation
(Step 3) was undertaken by researching the associations
between the 2007 aggressiveness and the 2007 image,
using the variables found to be significantly associated
in Step 1. Thus, the quality of the predictions of An.
arabiensis densities from Step 1 was assessed. The
dependent variables were square root transformed, and
linear regression models were fitted. All combinations of
classes in the 100-m to 500-m radius buffers were tested
as independent variables in order to obtain the best
association. All statistical analyses were performed using
STATA 9.0 (Stata-Corp LP). Spatial autocorrelation was
researched among the residuals of the fitted regressions
using the Moran’s I index in ArcGIS 9.2.
Risk maps
Following the results of the statistical analysis, risk maps
were drawn for 1996 and 2007 by computing for every
pixel of the studied zone the environmental factors
found to be statistically associated with aggressiveness.
This calculation was done for populated areas only.
Masks were applied specifically on the 1996 and 2007
images to hide any non-urban pixels, such as vegetation,
water, swamp areas and bare soils. The masks were
issued from the results of the supervised classification
and assisted by a manual digitisation. The areas that
were not masked depicted the built-up areas and
allowed the urban evolution in the 11 years to be
described and quantified.
Results
Image processing
All satellite image pre-processing was successfully con-
ducted and enabled the generation of vegetation images
Machault et al. Malaria Journal 2010, 9:252
http://www.malariajournal.com/content/9/1/252
Page 4 of 14as well as land use and land cover maps for 1996 and
2007. The quality of the supervised classification was
validated thanks to the high kappa coefficient (0.85 for
the 1996 image and 0.95 for the 2007 image). The built-
up area was defined as the total surface of all urban
classes plus the asphalt class.
GIS and statistical analysis
All entomological data are presented in the five first col-
umns of Tables 1 and 2 for the 1994-97 and 2007 stu-
dies respectively.
Step 1. Processing of ecological and entomological
data in the GIS allowed the environmental variables to
be extracted from the 1996 image for the 23 Anopheles
catching points from the 1994-97 studies. Results are
presented in Table 1. The Moran’s I index was -0.01,
indicating that the pattern where neither clustered nor
dispersed. The z-score was equal to 0.9 standard devia-
tions so it was associated with a high p-value. Those
results were not statistically significant, possibly due to
the small number of observations. In the absence of evi-
dence of spatial autocorrelation between the 23 aggres-
siveness values from 1994-97, no cluster parameter was
taken into account in the statistical analyses. In the uni-
variate analyses, the anopheline aggressiveness measured
in 1994-97 was significantly negatively associated with
the distance to the vegetation (R
2 =0 . 3 8 )a n dt h eb u i l t -
up area in a 300-m radius buffer (R
2 = 0.42) in the 1996
images (Table 3). When excluding one by one the
observations for which the geographical locations were
approximated, the parameters did not differ from the
ones estimated in models including all the observations.
Thus, all the observations where kept in the models.
Step 2. The GIS also allowed the extraction of the
environmental variables from the 2007 image for the 23
Anopheles catching points from the 1994-97 studies
(Table 1). The R
2 was 0.45 for the linear regression
including the distance to vegetation and the R
2 was 0.57
for the linear regression including the built-up area in a
300-m radius buffer (Table 3). The statistical associa-
tions found in Step 1 persisted over time. Table 4 con-
tains the statistical parameters for buffers of different
sizes and indicates that the 300-m buffer fit the best.
Step 3. The GIS was used to extract the environmen-
tal values from the 2007 image at the 2007 catching
point locations (Table 2). The Moran’s I index was -0.07
with a z-score equal to 0.84 standard deviations. Those
results were not statistically significant but in the
absence of evidence of spatial autocorrelation between
the 9 aggressiveness values from 2007, no cluster para-
meter was taken into account in the statistical analyses.
Table 5 provides the parameters of the linear regression
fitted for validation using the independent set of data
(R
2 = 0.68).
Following the results of the Moran’s I statistics at each
of those 3 steps, no significant spatial autocorrelations
could have been showed among the residuals of the
fitted regressions.
Risk maps
A st h eb u i l t - u pa r e aw a sf o u n dt ob et h ef a c t o rm o s t
strongly associated with Anopheles density in the statis-
tical analysis, risk maps were derived from the built-up
area in a 300-m radius buffer for every pixel of the
populated areas, using the results of the fitted regression
model. Continuous values of the computed risk map
were discretized to generate three classes, which were
based on a calculation of the terciles of the built-up sur-
face in the 300-m radius buffer, followed by a manual
adjustment. Breaking values were chosen at 20 and 26
Ha around every pixel. Figures 1a and 1b show the 1996
and 2007 risk maps overlaid with the measured 1994-97
and 2007 An. arabiensis densities. A comparison of the
maps indicated an increase in built-up surfaces in 11
years (about 1 300 ha), and also depicted the evolution
of the areas of each risk class in Dakar and its suburb.
Table 6 gives a summary of the information provided by
the risk maps. The built-up area, the related anopheline
aggressiveness predicted by inverting the best statistical
association (R
2 = 0.57), the total surface of the risk class
and the proportional surface of the risk class with
respect to the total built-up area is given for each class.
Table 1 and Table 2 provide the risk class at each catch-
ing point for the 1994-97 and 2007 studies, respectively.
Discussion
Association between remotely sensed environmental data
and An. arabiensis densities
Statistical associations were found between 1994-97 Ano-
pheles aggressiveness [25,26] and 1996 and 2007 SPOT
images. Even with the relatively small number of observa-
tions, aggressiveness values were statistically associated
with the distance between the vegetation and the catch-
ing points and the built-up area in a 300-m radius buffer
around the catching points. No multivariate model could
be implemented because both ecological variables were
highly correlated. Indeed, the presence of built-up areas
was mainly colinear with the absence of vegetation. The
validity of the model was assessed by fitting the model
with an independent set of data. The aggressiveness
recorded in 2007 was significantly associated with envir-
onmental data extracted from the 2007 image. The
resulting agreement (R
2 = 0.68) improves our confidence
in the statistical results from the present study.
The results of the present study provide evidence that
environmental data retrieved from high spatial resolu-
tion SPOT satellite images (acquired for the rainy sea-
son) can be associated with An. arabiensis densities in
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Page 5 of 14Table 1 Description of the 1994-97 entomological data and the environmental variables evaluated from 1996 and
2007 SPOT images.
Catching point N° of
catching
point
District Geographic
coordinates
(Decimal degrees)
An.
arabiensis
aggressiveness
(number
of bites
/person/night,,
averaged
for 12
months)
Year* Built-
up
area in
300-m
radius
buffer
(Ha)**
Distance
to
vegetation
(NDVI >
0.1)
(m)
Risk
map
class
from
the
final
model
Usine Niari Talli 1 Centre 14.7105; -17.4519 0
1996 28.1 447 Low
2007 28.2 449 Low
Point E (Zone B) 2 Centre 14.6976; -17.4558 0
1996 26.0 149 Medium
2007 26.8 189 Low
SICAP Liberte I 3 Centre 14.7083; -17.4605 0
1996 25.3 286 Medium
2007 28.0 409 Low
HLM III 4 Centre 14.7107; -17.4447 0
1996 26.4 404 Low
2007 27.5 449 Low
Derklé- Castor 5 Centre 14.7238; -17.4497 0
1996 24.3 351 Medium
2007 26.5 438 Low
SICAP Liberte VI 6 Centre 14.7244; -17.4630 0
1996 16.2 55 High
2007 26.0 181 Low
Hann Village 7 Centre 14.7177; -17.4365 0.15
1996 21.0 167 Medium
2007 21.5 162 Medium
Cite des eaux 8 Centre 14.7246; -17.4431 0.19
1996 20.3 0 Medium
2007 22.0 98 Medium
Bop - Cerf Volant 9 Centre 14.6992; -17.4498 0.38
1996 18.0 117 High
2007 18.5 25 High
Hann - Pêcheurs B 10 Centre 14.7286; -17.4234 0.46
1996 14.5 343 Low
2007 14.7 316 Low
Hann - Pêcheurs A 11 Centre 14.7192; -17.4320 0.85
1996 19.1 55 Medium
2007 21.0 65 Medium
Zone des hydrocarbures 12 Centre 14.7144; -17.4385 1.5
1996 15.4 0 High
2007 18.8 50 High
Mboth (Plateau) 13 South 14.6701; -17.4357 0
1996 28.3 338 Low
2007 28.0 317 Low
Gueule - Tapée 14 South 14.6802; -17.4572 0
1996 28.2 487 Low
2007 27.6 398 Low
Diecko Nord (Médina) 15 South 14.6752; 17,43237 0
1996 28.3 424 Low
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line aggressiveness variability was explained with only
one variable, the built-up area in a 300-m radius buffer,
in a linear regression model.
Risk maps
Comparable risk maps were drawn for 1996 and 2007
because the same ecological information could be
extracted for both dates. Because the amount of built-up
area in a 300-m radius buffer gave the best R
2 in the lin-
ear regressions, maps were computed based on this pre-
dictor. The built-up area in a 300-m buffer was
calculated for every populated pixel of both images.
Indeed, it is known that the peak of anopheline aggres-
siveness occurs in the middle of the night [14]. Because
the evening and night activities are expected to take
place mainly in or around dwellings, the non built-up
areas were excluded from predictions.
Evolution of urbanization
According to the report of the United Nations on
population prospects’ [1], 3 600 000 people lived in
urban settings in Senegal in 1995, which grew to 4 890
000 in 2005, an increase of 36%. The results of the
present study showed that urbanized areas in Dakar
rose from 4510 Ha to 5847 Ha (+30%) between 1996
and 2007. Assuming that urban surfaces are propor-
tional with the population figures and that the popula-
tion increase in Dakar is proportional with the
increase in the Senegalese population as a whole; the
results are consistent with the increase in population.
Most of the newly built-up areas were located around
t h ea i r p o r tl o c a t e di nt h eN o r t h - W e s to ft h ec i t y( i n
Almadies, north and west of CICES, Ouakam, Mer-
moz), near the Corniche (the sea coast west of the
city), south of the Grande Niaye (in Hann Maristes)
and around Yoff Plage (the long beach north of the
city). The examination of the 1996 and 2007 maps
confirmed that the city centre did not experience sig-
nificant changes. Instead, the city is growing at its per-
iphery where empty spaces still exist.
In Dakar, there was relatively little conversion from
built-up zones to non-urban areas, which contrasts with
Malindi and Kisumu, Kenya, where comparison of
Table 1: Description of the 1994-97 entomological data and the environmental variables evaluated from 1996 and
2007 SPOT images. (Continued)
2007 28.2 392 Low
Niayes Thioker 16 South 14.6716; -17.4413 0.04
1996 28.2 351 Low
2007 27.6 251 Low
Fann - Hock 17 South 14.6817; -17.4614 0.04
1996 21.0 135 Medium
2007 21.2 125 Medium
Cite du port autonome (Plateau) 18 South 14.6752; -17.4323 0.04
1996 23.4 151 Low
2007 24.1 295 Low
Camp Dial Diop 19 South 14.6587; -17.4371 0.18
1996 13.2 28 High
2007 18.5 90 High
Caserne des sapeurs pompiers (av Malick
Sy)
20 South 14.6816; -17.4381 0.21
1996 27.6 476 Low
2007 27.1 343 Low
HLM Fass 21 South 14.6952; -17.4507 0.21
1996 23.4 143 Medium
2007 19.0 147 High
Caserne gendarmerie de Potou 22 South 14.6947; -17.4346 0.25
1996 26.8 120 Low
2007 26.8 491 Low
Fann hôpital 23 South 14.6900; -17.4663 0.79
1996 7.2 7 High
2007 12.3 0 High
*1996: data extracted from the 1996 SPOT-4 image (20 m) and 2007: data extracted from the 2007 SPOT-5 image (2.5 m degraded to 20 m)
** Total surface in a 300-m radius buffer is 28.3 Ha
The aggressivenesses are given for 23 adult Anopheles catching points in the south and centre districts of Dakar. All values are rounded.
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urban to non-urban areas [23]. In Dakar, no major cli-
matic or political events occurred, and desapearance of
buildings can be related to destruction of slums or
minor changes due to the 2006 flood.
Malaria transmission risk evolution
The distribution of the risk classes evolved over time.
T h eh i g h - r i s ks u r f a c es l i g h t l yd e c r e a s e do v e r1 1y e a r s
(-262 Ha). Consequently, the raw number of at-high risk
persons also slightly decreased. The geographical distri-
bution of this class did not notably change. Indeed, the
majority of the high-risk areas are located around the
airport, the “Grande Niaye” (big marshland) and the
University, which are places that have been quite stable
over time. However, relative to the amount of built-up
area in Dakar, the high-risk surface decreased signifi-
cantly from 32 to 20%, and consequently, the proportion
of the population at risk diminished between 1996 and
2007.
In contrast, the raw surface of the low-risk class
increased greatly (+1066 Ha). In proportion of the total
population also, the low-risk area rose significantly from
29 to 41%, meaning that both the raw number and the
percentage of the urban population that is less exposed
to malaria risk were greater in 2007 than 11 years
before.
Finally, the raw surface of the medium-risk class
increased moderately (+532 Ha), but the proportion of
the population exposed to this medium transmission
risk remained stable over the 11 years (39% of the total
population).
Table 3 Environmental factors evaluated from 1996 (Step 1) and 2007 (Step 2) SPOT satellite images and associated
with the 1994-97 anopheline aggressiveness.
1996 SPOT-4 image
(20 m)
(Step 1)
2007 SPOT-5 image
(2.5 m degraded to 20 m)
(Step 2)
Coefficient 95% IC p-value Adjusted R
2 Coefficient 95% IC p-value Adjusted R
2
Distance to vegetation
(per 100 m and square root transformed)
-0.33 -0.51; -0.15 0.0010 0.38 -0.41 -0.60; -0.21 0.0003 0.45
Built-up area in 300-m radius buffer (per Ha) -0.04 -0.06; -0.02 0.0005 0.42 -0.06 -0.07; -0.04 < 0.0001 0.57
Univariate linear regression. Twenty-three observations. Independent variables are not rounded. Anopheline aggressiveness is quare root transformed.
Table 2 Description of the 2007 entomological data and the environmental variables evaluated from 2007 SPOT
image.
Study
area
N° of
catching
point
Geographic
coordinates
(Decimal
degrees)
Total number of
An. arabiensis
(12 person/nights
of capture in
each study area)
An. arabiensis
aggressiveness
(number of bites/
person/night,
averaged for
12 months)
Built-up area in 300-m
radius buffer (Ha)*
Risk map class from
the final model
Pikine 1 -17.4634;
14.6892
180 2.50 15.2 High
Universite 2 -17.4322;
14.7321
138 1.92 10.6 High
Hann
Maristes
3 -17.4711;
14.7453
60 0.84 15.0 High
Ouest
Foire
4 -17.4443;
14.6849
49 0.68 18.2 High
Gibraltar 5 -17.4353;
14.7159
43 0.60 27.4 Low
Yarakh 6 -17.4600;
14.7238
42 0.58 21.9 Medium
Liberte 5 7 -17.4448;
14.7496
8 0.11 27.8 Low
Grand
Medine
8 -17.4803;
14.7609
3 0.04 26.4 Low
Yoff 9 -17.3987;
14.7584
1 0.01 27.1 Low
* Total surface in a 300-m radius buffer is 28.3 Ha
The aggressivenesses are given for nine adult Anopheles catching points in Dakar and Pikine. All values are rounded.
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Page 8 of 14These results highlight the benefits of urbanization in
Dakar where the total population increased but the pro-
portion of the population at higher risk for malaria
transmission greatly decreased.
Persistence of the associations
The persistence of the associations between An. ara-
biensis densities and ecological data was shown in the
Dakar urban centre. Statistical results (i.e.e s t i m a t e d
parameters) were similar when analysing the association
between the 1994-97 agressiveness and the 1996 image
in one hand, and analysing the association between the
2007 aggressiveness and the 2007 image in the other
hand. Thus the relationship between the environment
and the anopheles densities remained unchanged at a
decadal time scale. No other parameters, such as a, evo-
lution of antivectorial methods, were introduced in
Dakar to modify this relationship. In addition, statistical
associations remained significant when fitting the linear
regression between the 1994-97 aggressiveness and the
data issued from the 2007 image. Although one site
c h a n g e d( B o p-C e r fV o l a n t ,w h e r es l u m sw e r e
destroyed), the land cover of central and southern
Dakar did not change significantly. This is consistent
with the fact that Dakar is now evolving outside of its
“historical” city centre. Thus, in city centres or places
that are remaining stable, remotely sensed data could be
used to predict vectorial risk even if only former and no
contemporary data from the ground are available.
Urbanization
Sparsely built-up areas are known to be risk factors for
malaria in cities [24]. Furthermore, it is known that
malaria transmission is reduced in urban centres com-
pared to peri-urban and rural areas [2,3]. The present
results confirm these patterns, as a highly built-up area
around a catching point was a protective factor in the
statistical model and was associated with lower An. ara-
biensis densities. Regarding scales of associations,
aggressiveness was found to be associated with a 300-m
radius buffer, which is consistent with previous findings
in Pikine that found that most An. arabiensis were
caught less than 285 m from the marshland, i.e.t h e
breeding sites [11].
Vegetation
In the present work, the NDVI has been used for vegeta-
tion mapping. It is a common index that quantifies cover-
age by green leaf vegetation [36] and captures some
combined effects of temperature, humidity, rainfall, sun-
light, altitude, land-use and land-cover in one value. The
NDVI threshold was defined specifically for both the 1996
and 2007 satellite images to delineate the vegetation in the
Dakar urban setting. Distance to vegetation was associated
with An. arabiensis densities, which is consistent with sev-
eral previous studies that suggested that vegetation, as
measured with the NDVI, is a factor associated with the
risk for malaria [37-40]. In the present study the NDVI
has been used for the definition of the “vegetation areas”
Table 4 Built-up area in 100- to 500-m radius buffers evaluated from 2007 SPOT image and associated with
the 1994-97 anopheline aggressiveness.
2007 SPOT-5 image
(2.5 m degraded to 20 m)
Coefficient 95% IC p-value Adjusted R
2
Built-up area in 100-m radius buffer (per Ha) -0.51 -0.73; -0.29 0.0001 0.49
Built-up area in 200-m radius buffer (per Ha) -0.13 -0.18; -0.07 0.0001 0.51
Built-up area in 300-m radius buffer (per Ha) -0.06 -0.07; -0.04 < 0.0001 0.57
Built-up area in 400-m radius buffer (per Ha) -0.03 -0.04; -0.02 0.0001 0.53
Built-up area in 500-m radius buffer (per Ha) -0.02 -0.02; -0.01 0.0004 0.44
Univariate linear regression. Twenty-three observations. Anopheline aggressiveness is quare root transformed.
Table 5 Validation of 2007 risk map with 2007 entomological figures.
2007 SPOT-5 image
(2.5 m degraded to 20 m)
(Step 3)
Coefficient 95% IC p-value Adjusted R
2
Built-up area in 300-m radius buffer (per Ha) -0.07 -0.10; 0.03 0.0037 0.68
Univariate linear regression for nine observations.
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Page 9 of 14Figure 1 Measured anopheline aggressiveness overlaid on risk maps computed using the built-up surface in a 300-m radius buffer for
every pixel of the populated areas. 1a. Anopheline data from 1994-97 and risk map computed with the 1996 SPOT satellite image. Refer to
Table 1 for names of the study sites. 1b. Anopheline data from 2007 and risk map computed with the the 2007 SPOT satellite image. Refer to
Table 2 for names of the study sites.
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Page 10 of 14(i.e. presence/absence of vegetation) instead of the results
of the supervised classification that distinguished several
types of vegetations and associated bare soils (i.e. charac-
teristics of vegetation). The small number of entomologi-
cal observations did not allow any powered analysis of the
association between the aggressiveness and the different
classes of vegetation. Indeed, vegetation can play various
roles in malaria transmission, depending on its character-
istics. It can provide resting or feeding sites for mosquitoes
or can be a proxy for the presence of breeding sites. For
example, in Dakar, the “Grande Niaye” is a large, vegetated
marshland known to provide habitat for mosquito breed-
ing activity [11]. The presence of vegetation can also be an
indicator of the presence of urban agriculture, which was
reported to be associated with malaria in several African
cities, such as in Côte d’Ivoire [41] and Ghana where irri-
gation led to the emergence of larval habitats [42,43] and a
higher malaria prevalence [44,45]. In Dakar, non-cemented
wells, locally called “ceanes”, are used for market-garden
activity and are known to be Anopheles breeding sites
[14,46]. In addition, urban agriculture may provide poten-
tial resting sites for vectors [47]. It is also recognized that
modifications in the vegetation cover, such as deforesta-
tion, are associated with changes in malaria transmission
level [48]. Finally, vegetation type can be a determinant of
mosquito density [49].
Remote sensing in cities
In cities, there are obstacles to the use of remotely
sensed data. Urban cover is spatially highly heteroge-
neous, the number of different building materials is high
and the occurrence of mixed pixels is important [50].
Thus, even with high or very high spatial resolution
images, distinguishing urban land uses and land covers
could be difficult. Despite these difficulties, satellite
images have been used in several ways in cities for a few
years, and studies have attempted to describe vector
presence and density or other malariometric indices.
The results of the present study are consistent with
other findings in urban settings where malaria risk has
been studied using environmental proxies of the pre-
sence of breeding sites and the distance to known
breeding sites. In the cities of Malindi and Kisumu,
Kenya, the NDVI was associated with a low housing
d e n s i t ya n dt h u sw i t hah i g h e rp r o b a b i l i t yo fAnopheles
breeding sites. The scale of the study was 270*270 m
[22]. Using 15-m to 30-m resolution ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radio-
meter) images in New Haven, United States, the amount
of vegetation in 50-m buffers around Aedes and Culex
capture point, as well as the distance to water bodies,
were related to mosquito densities [51].
A si th a sb e e nd o n ei nt h i ss t u d y ,e n v i r o n m e n t a l
changes and their impact on malaria risk have been stu-
died with remotely sensed data. In two cities in Kenya,
MTI (Multi-spectral Thermal Imager) satellite images
acquired at 14-year intervals were used to detect
changes in land use and land cover and showed that the
presence, abundance and spatial distribution of breeding
s i t e sw e r ed r i v e nb yt h ee v o l ution in the urbanization.
Larval-positive water collections were primarily found in
changing environments [23]. In Brazil, environmental
changes due to the creation of a dam, as mapped from
1996 and 2001 Landsat-5 images were related to malaria
incidence [52].
Other works have used different approaches, such as
the study of other malariometric indices or the direct
mapping of breeding sites. In Ouagadougou, Burkina
Faso, overall prevalence of anti-CSP (circumsporozoite)
antibodies and P. falciparum infections among children
were associated with specific urban environments that
were partly defined on a SPOT-5 satellite image [24]. In
Malindi and Kisumu, Kenya, researchers attempted to
directly identify An. gambiae s.l., An. funestus and Ano-
pheles merus breeding sites using 5- to 20-m spatial
resolution MTI images, but only 6% of the sites were
detected [21]. On the contrary, in Dar-Es-Salaam, Tan-
zania, aerial photographs were visually interpreted to
identify breeding sites and thus helped guide an inte-
grated fight against malaria in the city [53].
Table 6 Description of the risk classes in 1996 and 2007.
Class Risk Built-up
area in 300-
m radius
buffer
An. arabiensis
aggressiveness
evaluated from
the model
(number of bites/
person/night)
Area of
the risk
class in
1996 (Ha)
Area of
the risk
class in
2007 (Ha)
Difference in risk
class areas
between 1996
and 2007
% difference in
risk class areas
between 1996
and 2007
% of the
risk class
area in
1996
% of the
risk class
area in
2007
1 High < 20 ha [2.82 - 0.28[ 1457 1195 -262 -18% 32% 20%
2 Medium [20-26[ ha [0.28 - 0.03[ 1735 2267 +532 +31% 39% 39%
3 Low > = 26 ha < = 0.03 1319 2385 +1066 +81% 29% 41%
Total 4511 5847 +1336 +30% 100% 100%
All values are extracted from Figure 1.
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Page 11 of 14Finally, radar images have been useful in the study of
malaria in tropical areas [54,55], even in urban settings
[56]. Indeed, they have a powerful capacity for detecting
water and do not have cloud cover acquisition problems.
Validity of image classification
The kappa coefficient calculated following the supervised
classification step was 0.85 in 1996 and 0.95 in 2007,
indicating a strong agreement between ground-truthed
data and the classes from the supervised classification.
Most of the confusions were not of major importance
because they occurred mainly between different urban
types, which were further aggregated in the built-up
class. However, other confusions could not be totally
erased, such as water and some types of asphalt.
Comparison of multi-date images
Comparing images can be difficult because some differ-
ences are not due to actual ecological differences;
instead, they are related to the specificity of the images,
such as differences in atmospheric conditions, solar
angle, sensor calibration, period of the view or the regis-
tration of images [57]. The method used in the present
study improved the validity of the comparison in several
ways. First, comparisons between images were not done
directly on the images but rather on the results of classi-
fications and calculations of the vegetation index, thus
taking into account intrinsic parameters for each image.
Furthermore, images were acquired in level 3 pre-pro-
cessing, thereby avoiding all problems of spatial misre-
gistration. Finally, differences in atmospheric conditions
were taken into account thanks to the IARR pre-proces-
sing. This was of particular importance because it
allowed an NDVI common threshold to be chosen for
the 1996 and 2007 images, which was not feasible with-
out this pre-processing step.
Comparison of environmental data from multi-date
images was also made possible because views were
acquired from the same period of the year (during the
wet season). This was of major importance, especially
for vegetation measurement. Rainfall was 350 mm in
1996 and 178 mm in 2007, but images were both taken
just a few days after the last rain (13 days in 1996 and
10 days in 2007). At that time, the vegetation should
have been at its maximum growth so vegetation devel-
opments were considered comparable.
The validity of the comparison of the supervised clas-
sifications in 1996 and 2007 was inescapably related to
differences in spatial and spectral resolutions. The 1996
SPOT-4 image has three bands at 20 m whereas the
2 0 0 7S P O T - 5i m a g eh a dt h r e eb a n d sa t2 . 5ma n do n e
band at 10 m. Even if the 2007 image was resampled to
20 m to allow comparison with the 1996 image, every
averaged 20-m pixel may contain more information
than pixels initially aqcuired at 20-m spatial resolution.
In Korea, it was shown that about 20% of a scene could
have been classified into different classes based on two
images at different spatial resolutions (Ikonos and Land-
sat) [58]. Whereas this could impede the validity of
multi-date comparisons, choosing common training
polygons for supervised classification of both images
should have improved this quality.
Conclusion
Remotely sensed environmental data were statistically
associated with the An. arabiensis densities in Dakar
city. Accordingly, risks maps were drawn for the years
1996 and 2007. Based on these maps, urbanization led
to an increase in the proportion of the population at
low risk for malaria transmission, i.e., when urbaniza-
tion increased, malaria risk was reduced. These maps
should be seen as a first step towards creating opera-
tional risk maps that could drive antivectorial control in
the city.
Additional material
Additional file 1: Spatial repartition of the training polygons
digitized for supervised classification process.
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